Introduction. The homodimeric bifunctional enzyme 6-phosphofructo-2-kinase(EC 2.7.1.105); fructose-2,6-bisphosphatase(EC 3.1.3.46) (PFKFB) is a key enzyme in the regulation of glycolysis as well as gluconeogenesis in normal and different pathological conditions, in particular in diabetes mellitus and malignant tumors [1 -6] . PFKFB controls the cellular level of fructose-2,6-bisphosphate, because one part of this enzyme has kinase activity and catalyses its synthesis while the other part is responsible for the dephosphorylation of fructose-2,6-bisphosphate [7, 8] .
Fructose-2,6-bisphosphate is considered to be a key regulator of the glycolysis because it is an allosteric activator of 6-phosphofructo-1-kinase, a key enzyme of glycolysis [9, 10] . Hypoxia is the major activator of glycolysis; it enhances the expression of glycolytic enzymes, glucose transporters as well as PFKFB, which is responsible for the regulation of glycolysis and gluconeogenesis via induction of hypoxia inducible transcription factor HIF [11, 12] . Enhanced glycolysis is also observed in malignant tumors. The elevated glycolytic rate is partly caused by the hypoxic conditions in the tumor and mainly determined by hypoxia inducible factor HIF even in the conditions of normal oxygen tension [13] [14] [15] . The intensity of glycolysis also significantly changes in diabetes mellitus as a result of disordering of glucose metabolism [16] [17] [18] .
It is known that characteristics of glycolysis in different organs and tissues are possibly determined by specificity of the expression of four genes PFKFB [1, 2] which changes in hypoxia and in malignant tumors but the significance of these responses depends on organ and cell types [11, 14, 15] .
Recently the expression of more than one isoform of PFKFB in different tissues has been shown [15] . Moreover, each mRNA encoded by pfkfb1-4 genes has two or more alternative splice variants [1, 8, [18] [19] [20] [21] . The pfkfb3 gene encoded synthesis of PFKFB ubiquitously expressed in different organs and tumor cells and has high ratio of kinase to bisphosphatase, contributes to the accumulation of fructose-2,6-bisphosphate and enhances glycolysis [11, 18, 19] . The main isoform of human PFKFB-3 mRNA has no exon 15 th [1, 16, 17] but recently its splice variant with exon 15 th (23 nucleotides) has been identified [18] . It was shown that this variant of PFKFB-3 had shorter and modified C-terminus and was highly expressed in cancer cells [19] .
It is possible that the enhanced expression of PFKFB-3 in malignant tumors contributes to de novo nucleic acids synthesis in tumor cells and provides a potential mechanism to explain the apparent coupling of enhanced glycolysis and cell proliferation [3, 19] . Moreover, several additional alternative splice variants of PFKFB-3 mRNA with variable C-terminus were identified which differ from main isoform [20, 21] .
The pfkfb1 gene was the main object in investigation of the glycolytic regulatory mechanisms in diabetes mellitus [5, 6] . It was shown that the expression of PFKFB-1 significantly changes in rat liver in experimental diabetes mellitus. Moreover, it was also shown that the decreasing of fructose-2,6-bisphosphate leads to hyperglycemia and insulin resistance [5, 6, 22] . The enhanced expression of PFKFB-1 or increased fructose-2,6-bisphosphate levels decrease blood glucose as a result of suppressing glucose synthesis in rat liver and restore insulin resistance [23] . There is only one publication concerning the insulin effect on the expression of PFKFB-3: insulin enhances PFKFB-3 mRNA and protein levels in cell culture of colon adenocarcinoma [24] .
The expression of PFKFB-3 mRNA and its splice variants in different organs in diabetes mellitus have not been studied yet though the significance of PFKFB-3 in the regulation of glycolysis and gluconeogenesis is well known. In this work we studied the expression of PFKFB-3 mRNA in the liver, brain, testes, heart, retina and skeletal muscle as well as analyzed different isoforms of PFKFB-3 mRNA in control and diabetic rats to clarify the significance of PFKFB-3 and its splice variants in glycolysis disturbances in diabetes mellitus.
Materials and Methods. The experiments were performed with male Wistar rats (initial body weight 220 -250 g). Diabetes mellitus was induced by a single injection of streptozotocin (55 mg/kg intraperitoneally) as described previously [25, 26] .
Experiments start in two months after injection of streptozotocin to animals. Rats with blood glucose (from tail's vein) of 14 mmol/l or more were considered diabetic. Five diabetic and five control animals were killed and their tissues frozen in liquid nitrogen for RNA extraction. Total RNA from 20 -200 mg of tissues was isolated using the acid guanidinium-phenol-chlorophorm extraction method as described previously [11] . RNA pellets were washed with 75 % ethanol and dissolved in nuclease-free water.
The expression of PFKFB-3 mRNA was examined by polymerase chain reaction (PCR) of complementary DNA (cDNA). Total RNA isolated from various rat tissues was used as a template for cDNA synthesis using SuperScript II Reverse Transcriptase, ("Invitrogen", USA) and oligo(dT). Reverse transcription was performed according to the manufacturer protocol in total volume of 20 ml, using for reaction 0.4 mg of total RNA. The amplification of PFKFB-3 cDNA (1 ml of reverse transcription product which correspond to 20 ng of total RNA used for reverse transcription) was performed using HotStarTaq Master Mix Kit ("QIAGEN", USA) and "MasterCycler Personal" ("Eppendorf", Germany).
PCR amplification of PFKFB-3 and splice isoforms was performed using three specific for pfkfb-3 gene forward primers: The amplification of b-actin cDNA was performed using primers: forward -5'-CGTACCACTGGCATCGTGAT -3' and reverse -5'-GTGTTGGCGTACAGGTCTTT -3' [27] . The primers were received from "Sigma" or "Metabion" (Germany). The PCR products were separated by electrophoresis in agarose gel and stained with ethidium bromide. Two other primers were used for real time RCR analysis of PFKFB-3 mRNA expression:
The nucleotide sequences of these primers correspond to sequences 956-974 and 1247-1229 of rat PFKFB-3 cDNA (GenBank accession number NM_157135).
Quantitative PCR (qPCR) was performed on "Stratagene Mx 3000P cycler", using SYBRGreen Mix. Reaction was performed in triplicate.
Analysis of quantitative PCR was performed using special computer program "Differential expression calculator" and statistic analysis -in Excel program.
The PCR cDNA fragments were cloned in pCRII-TOPO vector according to pCRII-TOPO Kit manufacturer protocol ("Invitrogen"). DNA from clones was digested with restriction enzymes and analyzed by electrophoresis in agarose gel. cDNA fragments from selected clones were sequenced for identification of splice variants of PFKFB-3 mRNA. PCR for DNA sequencing was performed using special kit (Dye terminator cycle sequencing kit; Applied Biosystems Inc.) according to the manufacturer protocol and products were analyzed using DNA sequencing apparatus (Applied Biosystems Inc., Model 3100, version 3.7).
Results and Discussion. The expression of PFKFB-3 mRNA was examined in the lung, testis, brain, retina, heart and skeletal muscle of control and diabetic rats by quantitative PCR using M4 forward and M5 reverse primers. The results of quantitative PCR analysis of the expression of PFKFB-4 mRNA clearly demonstrate significant increase of this mRNA expression in the brain and testes in streptozotocin diabetic rats as compared to the control animals ( Fig.  1) . However, no significant changes were found in PFKFB-3 mRNA expression in the retina from diabetic animals. Moreover, quantitative PCR analysis showed significant decrease of PFKFB-3 mRNA expression in 262 MYKHALCHENKO V.G. ET. AL. Fig. 1 .
Analysis of PFKFB-3 mRNA expression in different organs of four control (C) and four diabetic (D) rats by real time PCR. Amplification of PFKFB-3 mRNA was carried out using M4 forward and M5 reverse primers. Values of PFKFB-3 mRNA expressions were normalized to b-actin mRNA expression.
the heart, liver and especially in skeletal muscle of streptozotocin diabetic rats as compared to the control animals ( Fig. 1) . Thus, there are differently directed changes in PFKFB-3 mRNA expression in different organs from rats with experimental diabetes mellitus. The quantitative PCR products were analyzed by electrophoresis in agarose gel. It is important that only one band was identified in PCR products from different control tissues as well as from diabetic animals when we used forward primer M4 and reverse primer M5. These results evidence that fragment of mRNA analyzed in this quantitative PCR is common for all known isoforms of PFKFB-3 mRNA.
Due to the fact that PFKFB-3 mRNA has several alternative splice variants [20, 21] we have studied its expression in different tissues of control and diabetic rats. For this purpose, we performed PCR using primers, specific for 3'-coding region of this mRNA. Two bands were identified in the brain, testes, retina and skeletal muscle of control and diabetic rats by RCR analysis with M3 forward and M7 reverse primers as was shown by electrophoretic analysis of PCR products in agarose gel (Fig. 2) . Our results clearly indicate that expression of both bands increase in the brain and testes of streptozotocin diabetic rats; however, in the skeletal muscle mainly decrease in the expression of larger isoform of PFKFB-3 mRNA is observed. At the same time, three or four cDNA bands were observed in the lung and heart muscle using PCR with M3 forward and M6 reverse primers (Fig. 3, a,b) . Moreover, longer amplification product is synthesized by this pair of primers as compared with M3 -M7 pair of primers because M3 -M6 pair occupies bigger part of mRNA (Fig. 2) .The expression of larger isoform of PFKFB-3 mRNA significantly decreased in the heart and skeletal muscle in diabetes, but in the heart the expression of significantly shorter isoform of PFKFB-3 mRNA was shown. Its expression also decreased in the heart of streptozotocin diabetic rats. The same band of PFKFB-3 cDNA was identified in the lung. Its expression also decreased in the lung; however the expression of other bands did not change significantly in diabetes mellitus (Fig. 3, b) .
To elucidate the nucleotide sequence of PFKFB-3 mRNA from different rat organs, we have carried out cDNA cloning in pCRII-TOPO vector. The clones were analyzed by electrophoresis in agarose gel and cloned fragments of PFKFB-3 cDNA were sequenced using M13 forward and M13 reverse primers. We isolated seven isoforms from rat tissues. Six of them were identical to the previously described [20] : one isoform has no inserts, but two isoforms have single inserts: 87 nucleotides (additional exon between exons 13 th and 14 th ) or 23 nucleotides (exon 15 th ) PFKFB-3 [16, 20] . Next two isoforms have two inserts (87 + 23 or 23 + 53 nucleotides), and sixth isoform has three inserts (87 + 23 + 53 nucleotides). 53 nucleotides insert represents additional exon located between exons 16 th. Its origin is not understood. 87 nucleotides insert does not change reading frame, but add 29 amino acids, six of them are serine. This could have certain significance for regulation of enzyme activity through serine phosphorylation. Several alternative splice variants of PFKFB-3 mRNA have 15 th exon 23 nucleotides long [18, 20] . These variants of PFKFB-3 mRNA contain different C-terminus due to the change of reading frame. It is known that one of them intensively expresses in tumor cells [19] . It is possible that the enhanced expression of PFKFB-3 in malignant tumors contributes to the enhanced glycolysis and promotes cell proliferation [3, 19] . The PFKFB-3 mRNA isoforms whichcontain additional exon between exons 15 th a16 th also have distinct C-terminus due to the change of reading frame and have different amount and sequence position of serine residues as compared to other variants which are very important in the regulation of isozyme activity via phosphorylation. It was shown that seventh isoform is new (GenBank accession number EU034674). It is the smallest in size isoform of PFKFB-3 mRNA which has large deletion (174 nucleotides; exon 14 th ) as compared to other variants of PFKFB-3 mRNA. It represents alternative splice variant of PFKFB-3 mRNA. Important to note, that the expression of this alternative splice variant of PFKFB-3 mRNA was decreased in the lungs and heart muscle of diabetic rats.
Thus, results shown in the Fig. 2 and 3 , a, b, demonstrated tissue specific pattern of the expression of alternative splice variants of PFKFB-3 mRNA and the dependence of their expression on insulin and insulin dependent processes that occur in diabetes mellitus. The expression of PFKFB-3 mRNA was decreased in the heart and skeletal muscles but increased in the brain and testes, moreover increased expression of larger as well as smaller alternative splice variants. At the same time, in the heart and skeletal muscle the expression of larger alternative splice variants of PFKFB-3 mRNA was decreased. The larger alternative splice variants represent isoforms which have 87 nucleotides insert or two and three inserts. There are data that the liver cell proliferation and differentiation significantly depend on the expression of alternative splice variant of PFKFB-3 mRNA with 87 nucleotides insert [28] . These results demonstrate a significance of PFKFB-3 and its alternative splice variants in cell metabolism during proliferation and differentiation of cells. The results of our investigation demonstrate that alternative splicing of PFKFB-3 mRNA possibly depends on insulin. It is noteworthy, that alternative splice variants of PFKFB-3 mRNA have in Ñ-terminus different amount and position of serine residues in amino acid sequence of PFKFB-3 that is very important in the regulation of isozyme activity via phosphorylation of serine residues [2] . Therefore, seeking for a novel isozyme is important for comprehension of tissue-specific regulation mechanisms of glycolysis.
The precise molecular mechanisms, whereby insulin participates in the regulation of alternative splicing of PFKFB-3 mRNA as well as a role of different isoenzymes in the regulation of glycolysis, await further study. PFKFB-3 should be considered a tumor-specific enzyme and its isozymes may find clinical utility as a novel targets for the development of antineoplastic agents. Important to note, that this is also significant for the diabetes treatment because the PFKFB isoforms may find clinical value for the development of antidiabetic agents for the regulation of blood glucose level [29] .
Summary. The 6-Phosphofructo-2-Kinase/Fructose-2,6-Bisphosphatase mRNA expression in different organs of streptozotocin-diabetic rats was changed in different ways. The expression of different splice variants of PFKFB-3 mRNA is organ specific and changes in diabetes. We identified new splice variant of PFKFB-3 mRNA which has catalytic domains identical with main isoform and other alternative splice variants of PFKFB-3 but differs by length of C-terminus. The results of this investigation support a possible role of PFKFB-3 isozymes in the adaptation of cells to disturbances of carbohydrate metabolism as a result of insulin deficiency. 
